Abstract-Size and feed structure are some of the important constraints for using antenna-elements in multi-element two-dimensional arrays, where easy planar integration with transceiver chips is essential. This applies especially when differential signaling and adaptable polarization is required. Based on a balanced-fed patch-excited cavity-backed horn antenna (hybrid antenna), feeding concepts and approaches to reduce size are discussed and evaluated in this paper. The influence of the substrate integrated cavity is analyzed and methods to overcome the restrictions are presented, together with simulated and measured results. The optimized antennas achieve a relative bandwidth of more than 17 % for 10 dB return loss, a gain of more than 5 dBi as well as symmetric and homogeneous radiation patterns in amplitude and phase with low cross-polarization.
I. INTRODUCTION
Imaging systems in the millimeter-and microwave regime are attracting particular attention due to their use in security, medical and non-destructive-testing systems. Current advances in the semiconductor technology make integrated RF components at millimeter-wave frequencies available in high quantity [1] , allowing for high integration levels and utilizing digital beamforming. To benefit from the high transceiver count required for digital beamforming, cost, space and integration efficiency also of the antenna array have to be ensured. This gets much more difficult at millimeter-wave frequencies and for radar applications, where radiation characteristics and the achievable resolution due to bandwidth and the short wavelength are challenging aspects [2] . Even more sophisticated systems using sparse periodic arrays with a reduced number of antennas rely on appropriate designed antennas [3] , especially if polarization is used for further examination [4] .
Using a planar, balanced-fed antenna is the first step to an easy integration. In [5] and [6] the concept of a patchexcited horn antenna, hereinafter referred to as hybrid antenna, is introduced. For achieving a higher integration level, this design has to be reduced in size and complexity, while maintaining the performance of the antenna. Challenges are the feeding structure and the performance in proximity to other antennas. After introducing the concept of the antenna and array in Section II, the relevant actions taken to improve Continuing with the optimization of the structure in Section IV some measurement results are shown in Section V.
II. ANTENNA AND ARRAY CONCEPT
The cross-section of the antenna used in this paper is shown in Fig. 1 as presented in [5] . From top to bottom the antenna consists of a horn, forming the pattern, and the three radiating elements: patch, aperture slots and balancedfed dipole. The multilayer is built by laminates and prepregs of the RO4350B substrate system from Rogers Corporation, possessing a measured relative permittivity ε r of 3.8 to 3.9 at 77 GHz. The whole radiating structure is surrounded by a substrate-integrated cavity as an extension of the horn, avoiding backward radiation and substrate waves. Dense packing and feeding is required in building up a two-dimensional array for digital-beamforming, therefore care has to be taken in aligning the polarization of the transmitter and receiver antennas [7] . One solution is the 45
• rotated antenna presented in [5] with a narrowed cavity, as shown in Fig. 2a such as for a corner of a square array. This antenna features horizontal or vertical oriented and centric feeds while being aligned in polarization. The cavity in general has some negative effects on the antenna performance and is analyzed in the next section. Another solution is shown in Fig. 2b , instancing a polarimetric line array. Here two different antennas with either 0
• or 90
• polarization in reference to the feed are used, as result of the improvements of the next sections. This setup is advantageous for polarimetric measurements, since the two polarization states are orthogonal to the incidence plane of the electromagnetic waves on the measured scene [4] . However the 90
• polarized antenna suffers from the needed bend in the feeding structure, which has to be compensated for true differential signaling with reduced mode-conversion. Possible compensation structures are discussed in [8] , together with an adapted 45
• antenna and the used antenna array.
III. ACTIONS

A. Feed line overlap
In a first step, the feeding structure was analyzed and optimized because of its coupling to the aperture slots and the dipole. This is due to the 45
• rotated antenna structure, as can be seen in Fig. 3 by slicing the 3D-model at the aperture slot. In order to reduce field distortion and unwanted radiation, the lines close to the antenna are maintained straight. In further adding a compensation structure for the differential bend like in Fig. 2b , using for example the meander line discussed in [9] , the antenna can be rotated into a 0
• , 45
• and even 90
• polarization state, just as required by the array. As a drawback, the occurring cavity resonance is particularly excited.
B. Cavity resonances
As stated in [5] , the resonant frequency of the embedded cavity is lower than the operation frequency of 79 GHz by choosing a wider diameter, which is the dominant lateral dimension. The problematic resonance is the TM 110 -mode Fig. 4a , which is independent of the substrate height [10] . In order to reduce the size of the antenna, this cavity diameter has to be reduced without shifting the cavity resonance in the operational band, as this causes degradation in efficiency and return loss. A possible solution would be an even smaller diameter so that the resonance frequency is above the antenna frequency, but this would lead to very small distances in the antenna structure, which is sensitive to tolerances. The method of choice are two short-circuiting vias introduced in the multilayer substrate, as can be seen in Fig.  4b . These vias only influence the cavity resonance without disturbing the antenna.
Simulated results of reflection coefficient and radiation efficiency with and without the short-circuiting vias approve this concept (Fig. 5) . At the cavity's resonance frequency of 77 GHz, the reflection coefficient increases while the radiation efficiency decreases. This demonstrates the double impact of the unwanted cavity resonance on the antenna performance and gives reason for further optimization of the antenna structure.
IV. OPTIMIZATION
After creating the basis for a size-reduction and suppression of cavity resonances, the geometry of the antenna structure was optimized. Objectives were the radiation pattern parameters like half-power-beamwidth in both planes, polarization ratio and phase in addition to a high radiation efficiency and low reflection coefficient over a wide frequency range. The final optimized antennas are shown in 2b for the two polarization states (0
• and 90
• with compensated bend). As one result the stability of the phase center over frequency is presented. This quantity is important in imaging systems, as it directly influences the quality of the image reconstruction. Fig. 6 shows the three simulated coordinates for both antennas with respect to the polarization plane, with the origin of the coordinate system in the center of the aperture of the cylindrical horn (see Fig. 1 ). In z-direction (along horn dimension) only minor variations of the phase center can be reported, while the x-and y-position is nearly independent from frequency. The error is smaller than 2 % when expressed in wavelengths.
V. MEASUREMENT
In order to measure the balanced-fed antenna, an adapted transition from WR-12 standard waveguide to 100 Ω differential stripline is utilized [6] , together with two frequency converters ZVA-Z90E and a four-port network analyzer ZVA24 by Rohde&Schwarz, as well as a far field measurement system, capable of rotating the antenna under test in elevation and azimuth. Due to the lack of appropriate true differential calibration standards at millimeter-wave frequencies, the measured results suffer from the influence of the transition and show significant ripple.
Measured and simulated reflection coefficients are shown in Fig. 7 for both antennas and agree in principle. For the 0
• antenna in Fig. 7a the simulated bandwidth of 17 % is clearly reflected in the measurement data. As can be seen in the results of the 90
• antenna in Fig. 7b , the ripple is caused by multiple reflections and resonances on the feeding line due to considerable and repeated mode-conversion. The simulated magnitude of about −18 dB for the 90
• antenna with feed line bend has to be compared with −60 dB for the 0
• antenna without bend, proving the need of compensating structures which are adressed in [8] .
The radiation characteristics are measured using the three antenna method with two different horn antennas and the measured insertion loss of the transition. In Fig. 8 and measured gain of both antennas is presented, exhibiting a slightly smaller gain than calculated of about 5 dBi over the used frequency band. In addition, measured sphere patterns for both antennas are shown in Figs. 9 and 10 for co-polarized amplitude and phase as well as cross-polarized amplitude. Due to moving constraints of the far field measurement setup, angles higher than 60
• could not be achieved. Secondary, the patterns show some interference ripples because of reflections at the measurement hardware. As explained previously, both patterns are • and a low level of cross-polarization in all directions. Important information for imaging systems and digital beamforming applications is the phase deviation over all viewing angles. The phase plots of the patterns are quite flat with a nearly coincident apparent phase center in elevation and azimuth.
VI. CONCLUSION
With the request of size-reduction of millimeter-wave antennas for imaging systems with polarimetric measurement capabilities, possible solutions and their implementation have been presented in this paper. Cavity-resonances can be effectively suppressed by introducing short-circuiting vias. The polarization of the antennas can be proper aligned with the array geometry by using compensated bends in the differential feeding structure. Simulated and measured results are in good agreement, yielding a bandwidth of 17 % and an antenna gain of 5 dBi for both antennas while showing a symmetric radiation pattern with low cross-polarization and flat phase.
